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SUMMARY 
The first efforts for the development of high temperature thermal 
reactors in Germany started about 10 years ago. Since that time many 
important results have been obtained. The success of these efforts is 
best being reflected in the actual projects : 
— The AVR pebble bed reactor has been completed and the critical 
experiments have been performed ; 
— The work for the development of gas turbines for use with high 
temperature reactors reached a point where tenders have been 
submitted for a 25 MWe closed-cycle gas turbine prototype plant ; 
— The THTR-Project for the development of a 300 MWe prototype 
reactor representative of full-scale power plants up to 1200 MWe 
shall provide final design documents by the end of 1967. 
Detailed results of these three projects will be transmitted and an 
outlook on the further development with special regard to the potential 
for conversion and breeding will be given. 
D e v e l o p m e n t o f H i g h T e m p e r a t u r e T h e r m a l 
R e a c t o r s i n G e r m a n y ' * ' 
I . I n t r o d u c t i o n 
It is now l i t t le more than 10 years ago that a group of physicists and engineers started 
work on the development of High Temperature Gas-Cooled Reactors in Germany. Even at 
this very ear ly stage their concept dif fered considerably from the ideas of other groups: the 
core was not to consist of prismatic fuel elements as in most other reactors; instead i t was 
to be made up of a pebble-bed of individual mobile fuel ba l ls . This meant that the advan-
tages of both a heterogeneous and a homogeneous core could be combined by the adoption 
of di f ferent ia l fuel elements, namely 
fuel elements, the react iv i ty of which is small compared to that of the total 
reactor, and 
the dimensions of which are so small that bum-up variations in individual fuel 
elements are neglegib le. 
The advantages of this concept are very obvious: 
the exchange of fuel elements can be performed under a l l operating conditions; 
optimum burn-up can be achieved for each di f ferent ial fraction of the fuel by 
continuous burn-up control ; 
the mechanical integr i ty of the fuel elements can be determined regularly, and 
no excess react iv i ty is needed to compensate burn-up wi th the consequence of 
lower fuel inventory and better neutron economy. 
TiT Manuscript received on April 12, I967. 
The idea was fascinat ing, but the work taken up by the BROWN BOVERI/KRUPP Reak-
torbau GmbH, for the realisation of this idea was not an easy one: to start a new line of 
power reactors in a country where experience in reactor development was close to zero at 
that t ime. 
In 1958 a group of u t i l i t y companies, now united as ARBEITSGEMEINSCHAFT VERSUCHS-
REAKTOR GmbH. - AVR - became interested in the project and at the end of 1959 a decision 
was taken for the construction of a 15 MWe Experimental Power Stat ion, the AVR Reactor. 
This first power reactor to be developed ent i re ly in Germany became cr i t i ca l for the first 
time on August 26 , 1966, and is now being prepared for operation under power. 
A direct consequence of the work being done for the development and construction of 
the AVR Reactor is the Thorium High Temperature Reactor Project - THTR - which unites 
EURATOM, the KERNFORSCHUNGSANLAGE JÜLICH des Landes Nordrhein-Westfalen e . V . , 
and BROWN BOVERI/KRUPP Reaktorbau GmbH, in a common effort to extend the pebble-
bed concept to a fu l l scale power reactor prototype. By the end of next year design documents 
for a 300 MWe THTR w i l l be completed wi th suff icient information to permit extrapolat ion 
to plant sizes up to 1200 MWe. 
The idea to use gas-turbines in conjunction wi th high temperature reactors is as old 
as the idea of the high temperature reactor itself - this for the very simple reason that suf-
f ic ient ly high gas temperatures for the economic operation of gas turbines are avai lable 
wi th these reactors. In the past few years, GUTEHOFFNUNGSHÜTTE STERKRADE A G . 
- GHH - was engaged in several studies on the combination of gas-cooled high tempera-
ture reactors and gas turbines. A t present, GHH has finished project work for a 25 MWe 
closed-cycle-gas turbine prototype plant using a helium cooled high temperature reactor 
wi th prismatic fuel elements. 
In Part II of this paper a survey w i l l be given of the actual state of these three 
high temperature reactor projects currently being under development in Germany. In 
Part I I I the economical aspects w i l l be presented and an outlook w i l l be given on further 
possibilit ies wi th special regard to the potential for high conversion factors, and, u l t i -
mately, breeding. 
I I . A c t u a l S t a t e o f H T G R D e v e l o p m e n t 
A . The AVR Project 
The main purpose of the AVR power plant which has been bu i l t by Brown Boveri/Krupp 
in Jü l ich was: 
to y ie ld design, construction, and operating experience for high temperature 
reactors; 
to prove the feasibi l i ty and the special merits of the pebble-bed concept; 
to test dif ferent pebble-type fuel elements; 
and in this way 
to serve as a tool for the future development of high temperature thermal reactors 
in Germany. 
The general reactor arrangement is shown in Figure 1 which demonstrates one of the 
part icular features of the AVR reactor, the integrated design. The entire primary c i rcu i t 
including steam generators, c irculators, gas duct ing, and f low control mechanism is acco-
modated inside a common pressure vessel. Today, nearly a l l known gas-cooled reactor p ro-
jects have adopted the integrated design: a confirmation that Brown Boveri /Krupp's d e -
cision of 1958 was the right extrapolation to the future. 
The general lay-out data of the AVR reactor are given in Table I . 
Table I 
General Lay-out Data of the AVR Reactor 
Electric Power 15 MW 
Thermal Power 46 MW 
3 
Average Power Density 2 .2 MW/m 
Core Diameter 3 m 
Average Core Height 3 m 
Fuel Element Diameter 60 mm 
Number of Fuel Elements 100,000 
Maximum Power per Element 2 .4 kW 
Number of Absorber Rods 4 
Cooling Gas Pressure 10 atm (a) 
Primary Circu i t Pressure Drop 0.065 atm 
Blower Power 2 χ 58 kW 
Core Inlet Temperature 175 C 
Core Out let Temperature 850 C 
Steam Conditions: 
Temperature at Turbine 500 C 
Pressure at Turbine 71 atm (a) 
The safety of the whole system is mainly determined by its capabi l i ty to prevent fission 
products from escaping out of control led areas. Or ig ina l l y , before fission product retaining 
fuel was available the inner pressure vessel of the AVR reactor was considered a barrier for 
gaseous ac t i v i t y . This vessel which has various penetrations for equipment, was leak control l 
ed by a second container surrounding the inner one completely and forming an interspace as 
control lable area. 
Since in the actual design coated particles are used in the fuel elements, the outer 
pressure vessel and the sealing gas interspace are much less important for the safety and 
can be considered as a large addit ional safety margin. 
The design features of the reactor system place very specific requirements on the sphe-
r ical fuel elements. The dominating specifications are: 
(a) Irradiation stabi l i ty to less than 3 % dimensional changes; 
(b) High t hernial conduct iv i ty to avoid excessive temperature gradients in the element; 
(c) Impact resistance to drops from 4 m high on a pebble-bed combined wi th abrasion 
resistance; 
(d) Limited oxidat ion rate in the presence of certain impurities contained in the c o o l -
ing gas; and 
- 4 
(e) A release to b i r th rate (R/B value) of less than 5 x 1 0 for Xe-133 after a burn-
up of 4 % f i f a . 
Figure 2 shows a section of the AVR fuel elements. 
Comparison of various manufacturing techniques for the fuel element led to the design 
of a hol low graphite shell of 60 mm diameter wi th a wal l thickness of 10 mm. This shell 
contains a graphite matrix wi th uniformly dispersed coated part icle fuel and is closed by a 
threaded p lug . 
Contrary to reactors wi th prismatic fuel elements the pebble-bed concept is suited to 
avoid any fue I-hand I ing machinery inside the core. Grav i ty is made use of for the ex t rac-
t ion of fuel elements and pneumatic energy wi th the coolant astransfer medium for the load-
ing of recirculated or new elements. Thus, only pipes are required inside the pressure vessel, 
the necessary components for handling operations as for example singul izer, scrap-separa-
tor , burn-up measuring device and pneumatic elevator being located in accessible areas. 
The fo l lowing functions have to be fu l f i l l ed by the fuel handling system: 
1 . Loading of new fuel elements to keep the reactor c r i t i ca l at the predetermined 
average core temperature. A t fu l l power less than three new fuel elements per hour 
are necessary to compensate burn-up in the core. 
2 . Unloading of unfueled or depleted spheres to control the core height. The 
spheres are selected for extract ion by a % - ac t i v i t y detector to discriminate be t -
ween fueled and unfueled balls and a neutron absorption measurement for the de -
termination of burn-up. 
3 . To achieve a f la t characteristic of coolant temperature at the core surface a d e f i -
nite distribution of fuel in two radial zones has to be established. This can be done 
by simply varying the rat io of fueled balls of different burn-up to be loaded by the 
central or one of the four peripheric charge tubes. 
Practical experience has proved that in spite of the ideal shape of a spherical 
fuel element part icular requirements have to be met in respect to its handl ing. 
One of the unexpected effects that arose was the tendency of the pebble-bed core 
to orientate i f c irculated close to a f la t w a l l . This "crystal l izat ion e f fec t " is shown in 
F ig. 3 . After c i rculat ion of some 500,000 spheres in a perspex model a systematic and 
almost densest packing formed in the outermost layers close to the co re -wa l l . As the 
ve loc i ty profi le over the cross section of the core is severely influenced by this ef fect 
i t had to be prevented. F ig . 4 shows the grooves that were machined into the graphite 
wal l of the AVR core and by which the orientation of spheres was completely e l iminated. 
The overall negative temperature coeff ic ient in conjunction wi th the size of the 
AVR reactor core and the possibil ity of control l ing reactor power by circulator speed 
simplifies the problems of reactor control considerably. 
The four absorber rods which are installed in special graphite "noses" protruding 
into the pebble-bed core are only needed for start-up and shut-down purposes and for emer-
gency condit ions. 
The start-up experiments for the AVR reactor began on Ju ly 14, 1966, wi th the load-
ing of the first fuel element. Due to a number of unsatisfactory valves in the helium system 
these experiments were performed under a nitrogen atmosphere. The bui ld-up of the c r i -
t ica l core configuration was continuously control led by simultaneous experiments in a 
scaled-down model . Rechecks on the rat io of fueled to unfueled elements at the core 
outlet showed surprisingly wel l agreement with predictions. Cr i t i ca l i t y was achieved 
about six weeks later on August 26, 1966. The great number of zero-energy experiments 
that fol lowed gave first valuable information on the physical and technical behavior of 
a pebble-bed reactor. The cr i t ica l experiment itself made possible a better evaluation of 
the different effects that could not be taken proper account of in early calculat ions, and 
which w i l l furnish a checkpoint for further calculat ional methods. 
The temperature coeff ic ient was determined in the range from 25 to 100 C in e x c e l -
lent agreement wi th calculated values at 
The same holds for the react iv i ty coeff ic ient of core height and the reactivity change 
per added fuel bal l as wel l as for the pressure coeff ic ient for nitrogen and the determina-
t ion of the absorber rod wor th . Reactivity changes due to recirculat ion of elements, an 
effect only to be found in a pebble-bed core, were registered and gave proof of the repro-
duc ib i l i t y of the core conf igurat ion. The pebble-bed core has an extremely stable reacti-
v i t y characteristic which due to statistics can only improve in larger reactors. The fuel hand-
l ing system including the pneumatic elevators performed extremely wel l during this first 
phase. Up t i l l now more than 60,000 spheres have been circulated corresponding to seve-
ral weeks of fu l l power operation without major incidents. 
The further programme for the AVR reactor foresees the approach to power by the 
middle of next year. The remaining time w i l l be used to prepare the gas circuits for ope-
ration under 10 atmospheres of hel ium. From the power operation of the AVR one can e x -
pect further important results on the behavior of the system and for extrapolation to bigger 
units. This holds especial ly for the performance of so important components as the fuel 
elements, the gas circulators, the steam generator, gas pur i f ica t ion, and the fuel handling 
system. The make-up charge w i l l possibly consist of different fuel elements so that add i -
t ional information on several types of fuel elements w i l l be gained. 
Β. The THTR P r o j e c t 
The Thorium High Temperature Reactor Project ­ THTR ­ is the direct consequence 
of the knowledge gained and the encouraging results obtained during the development of 
the high temperature pebble­bed reactor concept, including the construction and opera­
t ion of the AVR reactor. 
The main objectives of the project are: 
to design a power reactor prototype and secondary steam c i rcu i t which is repre­
sentative of a fu l l scale power plant; 
to perform the necessary research and development programme for the advancement 
of high temperature pebble­bed thermal reactors u t i l i z ing the thorium­uranium 
cyc le ; and 
to gain operating experience by part ic ipat ing in the operation of the AVR reactor 
and furthermore to be responsible for the selection of the make­up and experimen­
tal fuel charges of the AVR. 
EURATOM, Kernforschungsanlage J ü l i c h , and Brown Boveri/Krupp entered into an 
association to accomplish this programme. When the association was founded in 1962 by 
the three partners i t was planned to last a period of 5 years unti l the end of 1967. It can 
then be extended for the construction of the THTR prototype i f the work performed and the 
results obtained justify such a decision. 
F ig. 5 shows the general lay­out of the THTR prototype. A power of 300 MWe has 
been selected as a compromise between cost and the possibilities for extrapolat ion. As 
in the AVR reactor the pebble­bed core is of cy l indr ica l shape and wi th a 3 0 ° bottom cone. 
Contrary to the AVR arrangement the cooling gas flows downwards inside the core 
thereby avoiding any l imitations on power density which could arise from lévi tat ion of 
fuel spheres. The integrated system is housed in a prestressed concrete pressure vessel wi th 
an inner diameter of 15 m and an inner height of 18 m. In Table II data on the lay­out of 
the prototype are g iven. 
Table I I 
General Lay-out Data of THTR Prototype 
Electrical Power 
Thermal Power 
Average Power Density 
Core Diameter 
Average Core Height 
Number of Fuel Elements 
Number of Absorber Rods 
Cooling Gas Pressure 
Primary Circuit Pressure Drop 
Blower Power 
Core Inlet Temperature 
Core Outlet Temperature 
Number of Heat Exchangers 
Steam Conditions: 
Pressure at Turbine 
Temperature at Turbine 
Reheat Conditions: 
Pressure at Turbine 
Temperature at Turbine 
300 MW 
750 MW 
6 MW/m3 
5.6 m 
5.1 m 
675,000 
25 
40 atm (a) 
1 atm (a) 
6 χ 1.7 MW 
270 °C 
750 °C 
6 
180 atm (a) 
525 °C 
50 atm (a) 
525 °C 
Four possible fuel elements are presented in F ig . 6 . Their outer diameter amounts 
again to 60 mm and al l of them are provided wi th a fuel- f ree zone of about 10 mm thick­
ness. The first of these elements has been discussed already. It has been furnished by 
Union Carbide Corporation for the AVR reactor and is characterised by a homogeneous 
distr ibution of fuel particles in the inner graphite matrix,, 
Type I I , the so-cal led "hollow-sphere element" is similar to the Union Carbide 
element but has the advantage of lower central temperatures as the fuel particles are d is-
tr ibuted on a spherical surface of about 40 mm diameter. This element has been developed 
by N U K E M , one of THTR's subcontractors for fuel element development, and may be 
used for the AVR make-up charge. 
Type I I I , cal led " r ing-gap" element, consists of a graphite sphere having a free 
space to house loose coated part ic les. The gap can be made wide enough to contain up 
to 15 g of heavy meta l . This type of fuel element combines the advantage of easy repro-
cessibi l i ty wi th the disadvantage of higher fuel temperatures. 
The most interesting variant for further development is the pressed element, type IV . 
Here, the particles are distributed similar ly to type 1 in a graphite matr ix , but the whole 
element is pressed semihydrostatically from graphite powder, a process part icular ly suited 
for mass product ion. The advantages of this element are: low production cost, good mecha-
nical behavior and the possibility for higher heavy metal content than wi th any other var iant . 
There are two main points where the THTR concept differs markedly from that of the 
AVR reactor: absorber rods and the fuel handling system. In the AVR reactor absorber rods 
were inserted into an in-core graphite structure. For THTR due to the larger core diameter, 
a solution had to be taken which seems very specific for the pebble-bed core: the insertion 
of free control rods into the pebble bed itself wi thout any in-core structure. 
F ig . 7 shows photographs of an experimental control rod being dropped into a bed of 
60 mm diameter graphite pebbles. Upon release this rod entered in about one second by its 
own weight of 500 kg more than 3 m deep. The total force required for insertion of the 
rod has been determined for different depths and at the same time the force excerted on the 
pebbles by the lower t ip of the rod has been measured. 
Extensive experiments have been conducted also wi th smaller models to study the i n -
fluence of other parameters. It has been found that the required forces depend on f r ic t ion 
between pebbles, the specific weight of the bed including its v i r tual increase by the pres-
sure drop of the cool ing gas and, to a less extent , on the total number of rods being i n -
troduced . 
Much development work has been done to simplify the different components of the 
fuel handling system to achieve the higher c i rculat ion frequency of up to 500 balls per 
hour as compared to only about 50 balls per hour in AVR. Important components have a l -
ready undergone long-term test ing. Perhaps, one of the most interesting components of the 
fuel handling system is the burn-up measurement f a c i l i t y . Wi th THTR burn-up of fuel e l e -
ments w i l l be determined by passing the fuel balls through a special zero power reactor 
and analysing the respective power signals as presented in Figure 8 . Here, reactor power 
versus time is given for a pure graphite sample above and for the same sample plus 0 .3 g 
U-235 be low. These two signals correspond in a qual i tat ive manner to signals from a new 
fuel bal l and from a completely burnt-up fuel element. 
The difference between both signals is easily measurable. The length of the signals, 
about 2 /10 sec in this instance, corresponds to the t ime, the fuel element needs to pass 
through the burn-up measurement reactor and can be increased for greater accuracy. 
For further development of the method, a small zero power reactor is actual ly being i n -
stalled in Jü l ich to go into operation some weeks from now. 
The main problems connected to the step in development from the 15 MWe AVR reac-
tor to the 300 MWe THTR prototype were 
the necessity for a pressure vessel of greater dimensions and for a higher cool ing 
gas pressure, 
a problem common to al l high temperature reactor projects and which is overcome 
by the progress in prestressed concrete pressure vessel construction, and, in add i -
t i o n , the more specific problems connected to the pebble-bed concept itself of 
the necessity for quicker c i rculat ion of fuel elements including burn-up measure-
ment 
plus the need for a workable control rod concept not based on the solution for AVR. 
These specific problems have been overcome 
by the development of a quick burn-up measurement by means of a cr i t i ca l f ac i l i t y 
and 
by the adoption of the free control rod concept. 
The THTR project thus appears to rest on a sound technical basis and presents many 
interesting advantages as wel l as potential for further development. 
C . Gas Turbines for High Temperature Reactors 
Gas cooled high temperature reactors mean an important progress also because the 
temperature level attained by the cool ing gas permits for the first time the direct coupling 
of a nuclear reactor with a gas turbine. 
Because of the wel l known dependency of plant ef f ic iency on turbine inlet tempe-
rature as given in F ig. 9 already at helium temperatures around 750 °C the plant e f f i c i en -
cy is that of a modern steam cycle of 40 % . A t 950 C , a gas temperature that seems pos-
sible in the not too distant future, the ef f ic iency goes up to 50 % . 
In the last decade a number of fossil fueled gas turbine plants have been bu i l t . Some 
of those plants are now in operation for more than 50,000 hours. GHH has had a decisive 
share in the development and construction of such plants in Germany and during the past 
few years GHH has made some studies on the combination of gas-cooled high temperature 
reactors and gas turbines. The main object of these studies was the development of heat 
and power plants and ship propulsion units. 
In this connection GHH carried out work for a 25 MWe closed-cycle gas turbine pro-
totype plant u t i l i z ing a hel ium-cooled high temperature reactor. The project work on the 
prototype nuclear power station has meanwhile progressed to a point that design documents 
are available and tenders have been submitted for a power-station in Schleswig-Holstein, 
Germany. 
Should a decision be taken to accept the GHH proposit ion, construction work could 
be started early next year and the plant could be put in operation about 4 years later. 
The system is powered by a high temperature reactor similar in design to General 
Atomic 's Peach Bottom fac i l i t y wi th prismatic fuel elements. Characteristic lay-out data 
are given in Table I I I . 
T a b l e I I I 
General Lay-out Data of GHH Gas-Turbine Prototype Plant 
Reactor Thermal Power 
Power at Terminals 
Power Density 
Number of Fuel Elements 
Number of Absorber Rods 
Equivalent Core Diameter 
Height of Act ive Core 
Reactor Inlet Temperature 
Reactor Out let Temperature 
System Pressure 
Speed of Turbine 
Number of Stages 
Turbine 
LP/IP/HP Compressors 
66.6 MW 
25 MWe 
7.5 M W / m 3 
624 
37 
244 cm 
190 cm 
425 °C 
740 °C 
25 ata 
10,000 rpm 
8 
9 /8 /8 
The heat exchanger design proposed for the prototype plant already has successfully 
been applied in conventional gas turbine plants bu i l t by G H H . 
From the point of v iew of HTGR development in Germany a positive decision for the 
construction of a high temperature reactor coupled to a gas turbine would be very favourable 
for i t is clear that this would bring about valuable information on the potential of HTGRs 
for better economy of the cycle wi th the result of lower energy cost. 
IV . E c o n o m i c A s p e c t s a n d F u r t h e r P o s s i b i l i t i e s 
This brings us to the second part of our paper: economic aspects and further possibi-
l i t ies . The question is: what can we expect for the future from the high temperature reactor 
systems under development in Germany? To come back to the general theme of this meeting: 
this is the question of compet i t iv i ty , in other words the question of cost per k i lowat t hour (kWh) 
and as wel l a l l know the potential of a reactor system for conversion or breeding can have a 
strong bearing on the answer to these questions. The cost per kWh is made up of two parts: 
capital cost including fuel inventory and 
fuel costs. 
While capital cost is responsible for between 60 and 70 % of total power generating cost, 
fuel costs make up for the resting 30 to 40 % and only 5 to 10 % of total power generating 
costs go into fuel fabr icat ion. 
A . Capital Cost 
There seem to be two normal ways to reduce capital cost for power reactor systems: 
one is to go to bigger units. The other way is to use standardized equipment for a whole 
line of plant sizes and wi th growing experience to simpli fy the design in the direct ion of 
a more compact arrangement. F ig . 10 gives an example of t h i s . . Here the concrete pres-
sure vessels are presented for a 300, a 600 and a 1200 MWe pebble-bed reactor. It is 
rather surprising to see that for a power increase by a factor of 4 the outer volume of the 
concrete pressure vessel only increases by l i t t le more than a factor of two . 
The horizontal sections in the lower half show that especial ly the arrangement of 
heat exchangers becomes more and more compact: for the 300 MW prototype they are d e -
signed to be exchangeable, for the 600 MW plant there are twice as much heat exchan-
gers as penetrations so to exchange one of them in some cases two would have to be re-
moved. For the 1200 MW plant suff icient experience is expected that heat exchangers 
can be made nonexchangeable. 
The general tendency is the same for both reactors wi th pebble-type and prismatic 
f ue l . The actual price estimates for capital cost per installed kW as given by GHH and 
Brown Boveri/Krupp are 
135 to 150 Dol lars/kW for a plant size of about 600 MWe, 
and approaching 
100 Do l la rsAW for a plant size of 1200 MWe. 
There is st i l l another way to decrease capital cost which is specific for high tempe-
rature reactor systems: the use of gas-turbines in the primary c i rcu i t instead of a seconda-
ry steam c i rcu i t wi th steam generator and steam turbine. It is obvious that the adoption 
of gas turbines w i l l lead to an even more compact arrangement and the estimates are that 
this would result in a further considerable reduction in capi tal cost of up to 20 % for a 
plant of about 600 MWe. An addit ional advantage that may have a strong influence on 
site requirements seems to be the fact that for a reactor wi th a gas turbine cool ing water 
consumption is reduced by a factor of 4 as compared to a reactor wi th a steam cyc l e . It 
seems important to note that plans for gas turbines are now available up to an output of 
500 MWe. 
Β. Fuel Costs 
Extensive calculations have been performed for the determination of fuel costs for 
pebble-bed reactors. Results are given in Table IV . Three dif ferent cycles have been con­
sidered: two once-through cycles wi th one type of fuel element only and uranium/thorium 
or low-enriched uranium as fuel and furthermore a feed-and-breed cycle wi th two types 
of fuel elements. The feed elements contain only fissile material and are used as once-
through fuel whi le the breed elements contain mostly fert i le material and only a small 
amount of f issi le, corresponding to the equi l ibr ium of Th-232 to U-233 and may be repro­
cessed . 
T A B L E I V 
Fuel Cycle Costs for High Temperature Reactors wi th 
Pebble Type Fuel Elements 
Fuel Cycle 
once-through 
once-through 
feed-and-
breed 
Element 
feed 
feed 
feed 
breed 
U-235 En­
richment 
9 3 % 
7 . 6 % 
9 3 % 
1 
U-235 
g 
1.04 
0.65 
1.09 
0.56 
"ue 1 
U-238 Th-232 
9 
0.07 
7.9 
0.08 
0.04 
g 
10.5 
-
_ 
19.15 
Resi- Plant 
dence Size 
Time MWe 
3.5 a 300 
2.0 a 300 
2.5 αΊ 
6.0 Í 
(4.0 a) 
++ J 
Í300 
[1200 
Fuel Cost (m 
without 
ilsAWh) 
with 
Reprocessing 
1.6 
1.4 
1.4 
— 
-
-
1.3 
^ 1.0 
+ without reprocessing 
+ + wi th reprocessing 
The last figure given of less than one mi l /kWh agrees wel l wi th the figures given 
by GHH for a 1000 MWe plant wi th prismatic fuel elements of 0 .9 - 1.0 m i l s A W h . 
One reason for the low fuel costs wi th U/Th fuel is the fact that conversion ratios 
up to 0 .8 can be achieved. For high temperature pebble-bed reactors considerable fur-
ther savings in fuel costs are to be expected. 
With the pressed element i t seems now possible to increase the heavy metal content 
per fuel bal l to 40 g or even more. This means that for every fueled bal l two or more un -
fueled graphite balls could be used. Because of the much lower fabrication cost of un -
fueled balls and because for these balls an in-core residence time of up to 20 years seems 
feasible, a noteworthy reduction in fuel fabrication cost could be obtained. Add i t i ona l -
l y , the presence of unfueled balls in the core results in a higher degree of heterogeneity 
wi th the effect of lower neutron losses by resonance absorption in U-238 or Pa-233 respec-
t i ve l y . 
A st i l l more interesting possibil ity for the real izat ion of lower fuel costs is given by 
the use of beryl l ium in the core. A practicable solution for pebble-bed reactors would be 
the replacement of unfueled graphite balls by beryl l ium oxide bal ls . The use of beryl l ium 
as moderator material has two favourable effects on neutron economy: 
1 . Neutron leakage is reduced because of the higher moderating power of bery l l ium, and 
2 . the production of neutrons is increased by the (n,2n)- react ion. 
While the expected gain by reduced neutron leakage is of the order of 1 % , the gain 
in neutrons as possible because of the fast fission factor for beryl l ium oxide may be as high 
as 5 % . The d i f f i cu l t y is that the value of the fast fission factor is not very exact ly known, 
calculated values ranging from 1.035 to 1.10, the latest value by Zhezherun being given 
at 1.08. Because of the importance of this value for the further development of thorium 
reactors, experiments are actual ly conducted at J ü l i c h . First results indicate that the fast 
fission factor is def in i te ly higher than 1.05 and i t seems possible that the value of 1.08 
as given by Zhezherun may be ver i f i ed . 
Parallel to the (n,2n)-react ion takes place another reaction that is less favourable 
for neutron economy: an ( n , ^ ) - r e a c t i o n producing Li and which has a very high absorption 
cross section for thermal neutrons. Experiments indicate that at temperatures in the range 
of 1500 C l i thium can be driven out of beryl l ium oxide in a re lat ive ly short t ime. 
In pract ice, a special feature of pebble-bed reactors can be made use of . Due to 
the continuous c i rculat ion of elements every f u e l - or moderator-ball passes the fuel hand-
l ing system after less than 6 months in the average. This means, that beryl l ium oxide balls 
could be separated and heated up to drive out l i th ium, before they are recycled through 
the core. Considering radiation damage of beryl l ium oxide a temperature cycle to 1500 C 
would have the addit ional advantage of healing out some of the defects and thus admitt ing 
higher residence times. Taking into account the improvement in neutron economy to be 
expected for such an advanced high temperature thorium reactor, conversion factors up to 
and even greater than one seem possible. 
V . C o n c l u s i o n 
To conclude we may say that of the two lines being fol lowed of high temperature 
thermal reactor development in Germany each has its special merits and potential to lower 
power generating cost. As we have seen, the direct coupling of gas turbine and high tem-
perature reactor can lower capital cost by a remarkable fraction and also fuel cost due to 
higher e f f i c iency . The pebble-bed high temperature reactor on the other hand demonstrates 
an optimum f lex ib i l i t y for fuel management. Any high-temperature reactor fuel or modera-
tor that can be accomodated into a 60 mm solid sphere can be used and fuel cycles can be 
changed continuously according to the demands of the fuel market. 
The fact that the spherical elements automatical ly appear in the fuel handling system 
after less than 6 months greatly faci l i tates the regeneration of fuel as wel l as moderator, 
as for instance bery l l ium. This appears to be the best basis for the achievement of conver-
sion factors up to and greater than one. 
The question of how good α breeder can be made of i t or ­ in other words ­ the question 
of doubling t ime, actual ly seems to be of less importance. This because at the high speci­
f ic power possible wi th advanced high temperature thorium converters the amount of natural 
uranium necessary for the next 60 years appears to be lower than wi th any other converter 
reactor system and not higher than with fast breeders. 
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